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Abstract
The walls and ceiling of Altamira Cave, northern Spain, are coated with differ-
ent coloured spots (yellow, white and grey). Electron microscopy revealed that
the grey spots are composed of bacteria and bioinduced CaCO3 crystals. The
morphology of the spots revealed a dense network of microorganisms orga-
nized in well-defined radial and dendritic divergent branches from the central
area towards the exterior of the spot, which is coated with overlying spheroidal
elements of CaCO3 and CaCO3 nest-like aggregates. Molecular analysis indi-
cated that the grey spots were mainly formed by an unrecognized species of
the genus Actinobacteria. CO2 efflux measurements in rocks heavily covered by
grey spots confirmed that bacteria-forming spots promoted uptake of the gas,
which is abundant in the cave. The bacteria can use the captured CO2 to dis-
solve the rock and subsequently generate crystals of CaCO3 in periods of lower
humidity and/or CO2. A tentative model for the formation of these grey spots,
supported by scanning electron microscopy and transmission electron micros-
copy data, is proposed.
Introduction
Carbonate rocks represent the world’s largest carbon res-
ervoir, with direct implications for the global carbon
cycle. Serrano-Ortiz et al. (2010, 2011) estimated that
the subterranean CO2 pool could represent more than
half of the annual atmospheric sink. In addition, consid-
erable CO2 is sequestered in carbonate rocks forming
karstic caves. Two processes, dissolution and precipita-
tion, are involved in the mobilization of carbon in sub-
terranean environments (Saiz-Jimenez, 1999; Can˜averas
et al., 2006). Cave microorganisms are able to induce
precipitation of carbonates, via biomineralization pro-
cesses (Can˜averas et al., 2001; Cuezva et al., 2009) and
also dissolution processes due to the excretion of acids
(Northup & Lavoie, 2001; Engel et al., 2004). Recent
understanding of the importance of microorganisms in
many geological processes, including speleothem forma-
tion (secondary minerals deposited in a cave by the
action of water), has led to increased interest in this
field (Barton & Northup, 2007).
Evidence of microbial activity has been reported from
caves in France (Bastian et al., 2010), Italy (Groth
et al., 2001), Slovenia (Pasˇic´ et al., 2010) and Spain
(Schabereiter-Gurtner et al., 2004; Saiz-Jimenez et al.,
2011). In some cases, bioinduced mineral formations
have been described (Can˜averas et al., 1999; Sanchez-
Moral et al., 2003).
Altamira is a well-studied cave in Cantabria, northern
Spain (43°22′40″N, 4°7′6″W) (Fig. 1a). It is one of many
caves in the upper vadose area of the tabular polygenic
karstic system developed within Cretaceous bedrock. The
cavity (270 m in length) is situated on a topographical
high (152 m a.s.l.), and has a depth of 3–22 m (averaging
8 m) below the surface. The cave has one entrance, and a
main passage varying from 2 to 12 m in height and 6 to
20 m in width. The thickness of the cover (host rock and
soil) in most of the galleries varies between 4 and 10 m
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(see Fig. 1b and c). At present, the cave is permanently
closed to visitors and thermally insulated from the out-
side through solid doors which also prevent the free cir-
culation of air (Saiz-Jimenez et al., 2011). Altamira Cave
shows high thermohygrometric stability, relative humidity
values near saturation and a pattern of strong seasonal
shifts over the course of the year in terms of levels of
trace gases. In summer, CO2 concentrations are relatively
steady near 500 μg g1, while winter concentrations are
much higher and more erratic, sometimes exceeding
5000 μg g1 (Cuezva et al., 2011).
Altamira Cave has been the subject of intense micro-
biological and conservational studies for over a decade
(Groth et al., 1999; Sanchez-Moral et al., 1999; Schabe-
reiter-Gurtner et al., 2002; Gonzalez et al., 2006; San-
chez et al., 2007; Cuezva et al., 2009; Saiz-Jimenez et al.,
2011). These studies have concentrated on microbial
communities growing on cave walls and ceiling. To the
naked eye, these communities appear organized to form
individual spots which are yellow, white or grey. In the
present study, we focused on the grey spots and report
the microbial community structure as well as the inter-
actions between these microbes, the atmosphere and the
underlying substratum.
Materials and methods
Sampling site and methodology
For microscopic studies, whole or parts of grey spots
were sampled at four locations within the cave. These
were at the Entrance Hall, Crossing, Polychrome Hall
and Walls Hall (Fig. 1b and c). Sampling was carried
out using sterilized scalpels. Sampled spots were col-
lected in triplicate, stored in sterile tubes at 5 °C and
analysed immediately upon arrival in the laboratory.
Only samples collected from the Crossing (an area
showing abundant and well-defined spots) were used to
Fig. 1. (a) Geographical location of Altamira Cave (Cantabria, Spain). (b) Plan view of the cave with location of sampling points. (c) Idealized
three-dimensional model of the cave area, as indicated in (b).
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extract environmental DNA; these were stored at 80 °C.
Samples for transmission electron microscopy (TEM)
were fixed in situ as specified below.
Microscopical and geochemical analysis
Textural and microstructural characterization of different
grey spots was performed by environmental scanning
electron microscopy (ESEM; Philips Quanta 200 with an
Oxford EDAX detector) and SEM (Philips XL20; Oxford
Instruments Analytical, UK). Energy-dispersive spectros-
copy (EDS) analyses were performed using a Philips
EDAX PV9900 with a light element detector type ECON.
To improve photographic quality, the samples were met-
allized and observed under high vacuum conditions
(Can˜averas et al., 2001).
For TEM, small pieces of sample (1 mm diameter)
were fixed with 2.5% glutaraldehyde in 0.1 M cacody-
late buffer for 2 h. They were washed in the same buf-
fer, postfixed in 1% osmium tetroxide, dehydrated in a
graded acetone series and embedded in Spurr’s resin.
Ultrathin sections, cut from the block, were then
stained with 2% uranyl acetate and lead citrate and
examined using a JEOL 1010 TEM at 100 kV accelerat-
ing voltage.
Molecular techniques and sequence analysis
DNA extraction, PCR amplification of the 16S rRNA
gene and cloning were performed as described elsewhere
(Porca et al., 2012; Supporting Information, Table S1).
Only reactions involving bacteria-specific primers were
successful and three 16S rRNA gene clone libraries were
constructed. Inserts of a subset of 200 liquid-preserved
clones were sequenced using primers 21F and 1492R at
Macrogen Inc. (Seoul, Korea). Short sequences
( 750 bp), sequences with an average quality score of
< 20 and putative chimeric sequences (chimera.slayer,
Mothur software, Schloss et al., 2009) were removed
from the dataset. The remaining sequences were com-
pared with those available in the GenBank (http://
www.ncbi.nlm.nih.gov, BLASTN algorithm), GREENGENES (http://
greengenes.lbl.gov, ‘Compare’ tool), Silva (www.arb-silva.
de, ‘Sina alignment’ tool) and the Ribosomal Database
Project (http://rdp.cme.msu.edu/, ‘Classifier’ tool) data-
bases. Sequences were affiliated with a phylum if identity
was > 90% over the alignment length of > 800 bp in
different databases searched. The next-nearest cultivated
species was obtained via the EZtaxon server (www.eztax-
on.org) (Chun et al., 2007). Operational taxonomic units
(OTUs) at an evolutionary distance of 3% were defined
in Mothur. The same software was used to compare
microbial community structure (Libshuff function) and
to calculate diversity indices. Diversity coverage was cal-
culated using Good’s formula (Good, 1953). The
sequences were deposited in the EMBL database under
accession numbers HE604266–HE604318.
Analysis of CO2 effluxes from bacterial
communities
For study of CO2 effluxes from bacterial communities, a
CO2 automated analyser was used (Li-Cor 8100-102;
Lincoln). This methodology is commonly used to mea-
sure CO2 fluxes in soils (Maran˜o´n-Jime´nez et al., 2011).
Experiments were performed in July 2010, when the CO2
concentrations reach their yearly minimum (Saiz-Jimenez
et al., 2011). Measurements were taken at three different
points: from the area abundantly covered by grey spots
located on the wall of the Entrance Hall, and from two
points of the ground sediments, observed to be free from
grey spots with the naked eye, and located in the
Entrance and Polychrome Halls (Fig. 1). At each mea-
surement point we fixed and sealed with plastic putty
(Terostat-81; Henkel, Heidelberg, Germany) a PVC collar
(diameter 81.7 cm2) on which the instrument chamber
was placed. We performed three repetitions of 90 s each
with 30-s intervals, measuring CO2 (lmol per mol dry
air) every second.
Results and discussion
Spatial distribution of grey spots
Grey bacterial spots growing inside Altamira Cave colo-
nize different substrata, including limestone/dolostone
host rock, calcite speleothems, pigmented areas and clays
or cave sediments. The spots are 0.5–3.0 mm in diameter,
roughly circular and show little relief. Morphologically,
the spots differ in size and colour. Small spot morpho-
types ( 1 mm in diameter) are generally uniformly grey
while large spot morphotypes (1.5–3.0 mm in diameter)
tend to be darker grey. The intensity of the grey colour in
large spots varies from spot to spot and even within one
spot which often develop a lighter grey outer margin.
Regardless of their size, grey spots are occasionally cov-
ered with water droplets.
The distribution of grey spots is shown in Fig. 2.
Colonization density decreases progressively towards the
interior of the cave (Saiz-Jimenez et al., 2011). We
chose to study the grey spots, which are particularly
abundant at ceilings and walls of the halls and galleries
close to the entrance. Unlike yellow spots (Cuezva
et al., 2009; Porca et al., 2012) the grey spots contain
large amounts of bioinduced crystals, and were thus
the focus of study here.
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Spot structure and mineral biofabrics
Consistent with previous studies (Cuezva et al., 2009),
ESEM observations showed that the grey spots are
formed by a dense network of microorganisms orga-
nized in well-defined branches, ranging in diameter
between 10 and 30 lm. These have radial and den-
dritic divergent arrangements from the central area
towards the exterior, producing a circular to irregular
pattern (Fig. 3a and b). Morphologically, the microor-
ganisms involved are mainly filamentous although
coccoid forms are also observed. Furthermore, the
branching is often embedded in extracellular polymeric
substances (EPS).
Microbial growth was associated with two main types
of CaCO3 deposits (Fig. 3b–f). Nest or rosette-like fabrics
comprise aggregates of subeuhedral to euhedral calcite
crystals (2–4 lm in size) with radial arrangements and
delineating an external pseudohexagonal contour. They
usually have a central hole (0.5–0.7 lm in diameter) and
generally rest on the substratum, often immersed within
grey spots (or occasionally under them). The second type
is represented by spheroidal or hemispheroidal elements
averaging 8–10 lm in diameter and frequently reaching
Fig. 2. Spatial distribution of microbial grey spots on the ceiling of the galleries and halls at Altamira Cave.
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diameters up to 15 lm. On the surface, these elements
are usually coated with bacterial structures (Fig. 3f).
When not coated, these deposits are rhombohedral in
shape (Fig. 3e), occasionally with slightly corroded crystal
boundaries.
The level of mineralization differed with the size of the
grey spot sampled. In the small morphotypes, spheroidal
CaCO3 deposits were scarce or even absent, while the
rosette or nest-like aggregates generally formed small
patches (Fig. 3a–c). In the large morphotypes, the CaCO3
rosette or nest-like aggregates formed a thin continuous
bed scattered with spheroidal elements (Fig. 3d). In spots
showing a lighter grey outer zone, the mineral component
was observed predominantly in the central zone, while
the outer zone had a greater proportion of bacterial
structures.
TEM transverse sections of grey spots revealed densely
packed hyphae displaying several morphologies: filamen-
tous and branched (cell diameter 120–240 nm) or globose
(cell diameter 200–470 nm) (Fig. 4a–c).
The ultrastructural organisation of the cell wall dis-
played a series of layers typical of Gram-positive bacteria
(Tetz et al., 1993). All layers were involved in the forma-
tion of septum cross wall except for the outer cell-wall
layer, which continued to surround the daughter cells
(Fig. 4b).
The clustering of cells in tight groups appears to be a
result of a particular division process during which the
cells from the filament divide longitudinally leading to a
new septum that then splits. From both sides of the split,
new septa leading to the walls of the parent cell were




Fig. 3. Scanning electron micrographs of grey
spots. (a) Grey spot showing radial and
dendritic divergent arrangements from the
central area towards the exterior. (b) Detail of
a dense network of microorganisms organized
in well-defined branches. A small patch of
CaCO3 nest-like aggregates with disperse
spheroidal elements overlying is present in the
spot (white arrow). (c) Small patch of CaCO3
nest-like aggregates (white arrow) and
filaments. (d) Continuous bed formed of
CaCO3 nest-like aggregates (white arrow) with
dispersed spheroidal elements (black arrows).
(e) Detail of spheroidal elements of CaCO3
(black arrows) above a bed of CaCO3 nest-like
aggregates (white arrow). (f) Spheroidal
elements of CaCO3 coated with filamentous
bacterial structures.
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shaped network (Fig. 4b and c). Some hyphae were able
to penetrate into the underlying rock, becoming thinner
as they did so (Fig. 4d). These hyphae ranged from 70 to
100 nm in diameter, which made them three to five times
less voluminous than the average hypha in the spot.
The central depression of the spot contained a number
of separate hyphae up to 1 lm that resembled isolated
vesicles. These isolated round cells showed various
degrees of degeneration and were even empty with a
shaggy outer border (Fig. 4b). In all of them the structure
of the membrane was still discernible.
Microbial community involved in the formation
of grey spots
Total environmental DNA extracted from the three grey
spot samples was used as template to amplify 16S rRNA
genes of bacterial, archaeal or eukaryal origin. Only bacte-
rial 16S rRNA gene sequences were successfully amplified,
resulting in three 16S rRNA gene clone libraries. Sequences
of 169 randomly chosen insert-positive clones met our
quality criteria and were included in the final dataset. First,
we compared the three individual clone libraries using
Libshuff. This showed significant probability that the
closest relative of each sequence is from the same commu-
nity and the sequences were further considered as a single
sample. Next, the sequences were grouped into OTUs at an
evolutionary distance of 3%, a rough approximation to
identify different bacterial species. This revealed 38 OTUs.
We then estimated total diversity in the clone library by
calculating ACE and Chao1 values. These were 155 (confi-
dence interval 81–359) and 131 (confidence interval 72–
293), respectively, much higher than the observed numbers
of OTUs, indicating that further sampling would have
revealed additional diversity. We finally calculated diversity
coverage, representing the probability that a newly sampled
sequence belongs to an already observed OTU (Good,
1953). The obtained value of 81.6% indicated that
although rare taxa might remain undetected, the most
common members of the community were detected in our
library.
The sequences were assigned to phyla based on taxo-
nomic affiliation of the closest relative (Fig. 5; Table S2).
The analysed sample was strongly dominated by members
of the Actinobacteria, which represented the vast majority
(77.5%) of all environmental samples. Sequences affiliated
with this phylum were followed in abundance only in the
Proteobacteria (14.8% of all sequences sampled) while the
remaining phyla detected appeared much less abundant
and together represented 7.8% of the final dataset. Fur-
thermore, the majority of actinobacterial sequences
(75.7% of the final dataset) were most similar (85–99%
16S rRNA gene sequence similarity) to an environmental
sequence recovered from a multicoloured cave-wall
microbial community in Pajsarjeva jama, Slovenia (clone
(a) (b)
(c) (d)
Fig. 4. Transmission electron micrographs. (a) Transverse section
from the lateral side of a light grey spot. The substratum is on the
left (arrow). (b) Hyphae divided transversely by cross walls but not
separated into discrete units. On the upper left corner is an empty
hypha with a shaggy outer border (arrow). (c) Cross and longitudinal
sections through filamentous and globose hyphae. The hyphae in the
middle form a network of doughnut-shaped appearance (arrow). (d)
Hyphae penetrating into the underlying rock, thinning as they do so
(arrows).
Fig. 5. Distribution of major phylogenetic groups in the 16S rRNA
gene clone library constructed from environmental DNA obtained
from the Altamira Cave grey spot samples.
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3PJM80, FJ535092, Pasˇic´ et al., 2010). The tools used in
this study classified this abundant actinobacterial
sequence group as belonging to the order Nitriliruptoridae.
By contrast, levels of similarity between our sequences and
recognized actinobacterial species were < 95% (82–92% to
the nearest relative Euzebya tangerina), indicating that the
predominant organisms involved in the formation of grey
spots probably represent an unknown species.
Previous studies have indicated that a large number of
bacteria are able to bioinduce CaCO3 precipitation in caves
(Can˜averas et al., 2006). Laiz et al. (2003) found that 61%
of the Actinobacteria isolated from Altamira Cave produced
crystals in culture media. Attempts to isolate the bacteria
involved in grey spot formation resulted in strains of the
genera Streptomyces (some with grey mycelia) and Bacillus
in this and in previous studies (Can˜averas et al., 1999; Laiz
et al., 1999). In addition, members of these genera were
found to induce CaCO3 precipitation in Altamira Cave
(Can˜averas et al., 1999; Laiz et al., 1999). Growth of these
bacteria (which were not represented in the 16S rRNA gene
clone library; Table S2) on agar medium can be explained
by the refractory nature of the outer layer of the bacterial
spore coat, which may prevent complete extraction of DNA
(Riesenman & Nicholson, 2000).
The identification of Streptomyces and Bacillus agreed
with previous works (Can˜averas et al., 1999; Laiz et al.,
1999) suggesting that these genera were the main produc-
ers of CaCO3 in Altamira Cave.
CO2 effluxes from bacterial communities
This study represents a first attempt to test the usefulness
of this methodology for cave microorganisms. According
to the technical requirements of the CO2 analyser system,
the meteorological conditions in the cave were in the
operating range of the instrument for the selected mea-
sured period.
Measurements of temporal variation of CO2 carried out
with the Li-Cor 8100 analyser system (Fig. 6) revealed dif-
ferences in CO2 effluxes (Fc) estimated at different sam-
pling points. At the rock surface covered by grey spots the
estimated Fc ranged from 0.53 to 0.60 lmol m2 s1
with good fit to a linear regression (R2 > 0.7) indicating
net CO2 uptake. At the two measurement points with no
visible grey spots, no significant CO2 variation with time
was measured (Fc = 0 lmol m2 s1, R2 < 0.07). Accord-
ingly, CO2 efflux measurements in an area heavily colo-
nized by grey spots indicate that the bacterial communities
involved have the ability to capture CO2 from the air.
Several studies have linked the presence of carbonic
anhydrase to bacterial uptake of atmospheric CO2. Carbonic
anhydrase is a zinc-containing enzyme that is widespread
in the Bacteria domain and catalyses the reversible
hydration of CO2. Zhang et al. (2011) considered the
possibility that Bacillus mucilaginosus (Firmicutes) could
capture atmospheric CO2 through excreted carbonic an-
hydrase. We hypothesise that this enzyme might be
responsible of the capture of atmospheric CO2.
Mineral–microbe interaction processes and
evolutionary model of grey spots
Figure 7 provides a tentative model of the interactions
that exist between a grey bacterial spot and the environ-
ment. Bacteria could interact directly with the cave atmo-
sphere by CO2 uptake. On the other hand, bacteria
interact with the overlying carbonate substratum via the
chemical reactions that take place in the interface solu-
tion. Thus, the mineral–microbe interaction processes
first depend on the uptake of CO2 carried out by bacteria.
CO2 uptake causes a decrease in pH and subsequent dis-
solution of the limestone. Bacteria are therefore directly
Fig. 6. Measurements of CO2 variation with time (grey circles) at the
three different sampling points: (a) in an area abundantly colonized
by grey spots; (b,c) at two points of the ground sediments, free from
grey spots (to the naked eye). The black line represents the line of
linear regression.
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responsible for the dissolution of the host rock. The
release of Ca2+ in the solution that surrounds bacteria
can result in mineral precipitation at periods of low CO2
concentration in the cave air or of lower air humidity.
Observations on the origin and the variations on the
microstructural elements and the microfabrics (SEM and
TEM data) allowed us to propose an evolutionary model
for grey spot formation based on the typology and distri-
bution of the microorganisms, extracellular substances
and minerals (Fig. 8).
Bacterial colonization phase
In the initial phase of grey spot formation airborne bacte-
ria are deposited on the wet rock and cells attached to
the substratum initiate colonization (Fig. 8a). This could
explain the apparent isolation of spots. Bacterial coloniza-
tion and their growth on the wet rock substratum results
in the formation of a branching network of filamentous
bacteria. The spot is light grey.
Settlement and proliferation of the grey spot
At the intermediate phase of grey spot formation the ini-
tial bacterial cells consolidate and generate further
branching networks (Figs 3a,c and 8b). The spot consists
of filamentous and coccoid bacteria and EPS, forming
dendritic divergent branches. This coincides with the
appearance of small and scattered deposits of aggregates
or nests of rhomboedral crystals of CaCO3. Some
Fig. 7. Model of microbial–mineral interactions: section of a grey bacterial spot area overlying a limestone substratum.
(a) (b) (c) (d)
Fig. 8. Evolutionary model of grey spot formation. (a) Bacterial colonization phase; (b) settlement and proliferation of the spot; (c) advanced
stage; (d) aged spot. Scale bar = 0.5 mm.
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spheroidal CaCO3 aggregates are further scattered above
these deposits. The spot is light grey.
Advanced stage of grey spot
In a third developmental stage, the central area of the
spot is dominated by the presence of CaCO3 nests, rhom-
boedral crystals and scattered spheroidal elements
(Figs 3d and 8c). The marginal zone of the spot again
predominantly comprises divergent branches of filamen-
tous and coccoid bacteria and EPS. This zonation is visi-
ble to the naked eye: the outer zone of the spot is light
grey while the central area is dark grey.
Aged spot
In a final stage of development, biological structures have
practically disappeared leaving only dispersed microbial
filaments (Fig. 8d). The surface previously occupied by
bacteria is now entirely covered with accumulated aggre-
gates or CaCO3 nests. Above these deposits, spheroidal
elements of CaCO3 are scattered, most of which are no
longer coated with bacterial structures. The spot is uni-
formly dark grey.
Conclusions
Grey spots due to colonization of bacteria on the walls and
ceiling of Altamira Cave from the entrance to the end of
Polychrome Hall and at the beginning of Wall Hall are
mainly formed by recognized or yet-to-be-cultivated
Actinobacteria species which are able to capture CO2 from
the air and form calcium carbonate polymorphs. In partic-
ular, CO2 efflux measurements in areas heavily colonized
by bacteria indicate that they promote the uptake of this
gas, which is very abundant in the cave (annual average
about 3500 μg g1). This leads to dissolution of the rock
substratum and the generation of CaCO3 crystals as a by-
product during periods of lower humidity and/or CO2. In
this context, the evolutionary model proposed for the for-
mation of grey spots explains their wide variety of types.
Future research should integrate stable carbon isotopic
analyses to identify and quantify the origin of CO2 effluxes
at any given moment and the presence of carbonic anhy-
drase in the bacteria forming grey spots.
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